The electronic structures of UX3 (X = Al, Ga, and In) were studied by photoelectron spectroscopy to understand the the relationship between their electronic structures and magnetic properties. The band structures and Fermi surfaces of UAl3 and UGa3 were revealed experimentally by angleresolved photoelectron spectroscopy (ARPES), and they were compared with the result of bandstructure calculations. The topologies of the Fermi surfaces and the band structures of UAl3 and UGa3 were explained reasonably well by the calculation, although bands near the Fermi level (EF) were renormalized owing to the finite electron correlation effect. The topologies of the Fermi surfaces of UAl3 and UGa3 are very similar to each other, except for some minor differences. Such minor differences in their Fermi surface or electron correlation effect might take an essential role in their different magnetic properties. No significant changes were observed between the ARPES spectra of UGa3 in the paramagnetic and antiferromagnetic phases, suggesting that UGa3 is an itinerant weak antiferromagnet. The effect of chemical pressure on the electronic structures of UX3 compounds was also studied by utilizing the smaller lattice constants of UAl3 and UGa3 than that of UIn3. The valence band spectrum of UIn3 is accompanied by a satellite-like structure on the high-bindingenergy side. The core-level spectrum of UIn3 is also qualitatively different from those of UAl3 and UGa3. These findings suggest that the U 5f states in UIn3 are more localized than those in UAl3 and UGa3.
I. INTRODUCTION
Magnetism in f -electron materials is a test stand of the modern concepts of magnetism. Hybridization between f electrons and ligand states results in a competition between itinerant and localized natures of f electrons, which manifests as the complex magnetic behaviors of these compounds. To unveil the microscopic origins of these magnetic properties, systematic control of f -ligand hybridization in f -electron materials is desirable. Binary uranium compounds with UX 3 (X is a group 13 or 14 element) stoichiometry and AuCu 3 -type crystal structure comprise an ideal model system to understand the relationship between hybridization and the origin of a rich variety of magnetic properties in uraniumbased compounds. Figure 1 summarizes the physical parameters and properties of this series of compounds [1] [2] [3] [4] [5] . They exhibit various physical properties depending on X, and their specific heat coefficients range from γ = 14 mJ/molK 2 in USi 3 to γ = 170 mJ/molK 2 in USn 3 . Their lattice constants are considerably larger than the Hill limit (∼ 3.4Å), suggesting that the hybridization between f -state and ligand X states is a key parameter for these compounds. Generally, as X becomes heavier, the lattice constant increases, and the compound tends to be magnetic. Among the considered series of compounds, UX 3 (X = Al, Ga, and In) has very different physical properties depending on X, namely, enhanced Pauli paramagnetism in UAl 3 [6] , itinerant antiferromagnetism in UGa 3 [7] , and localized antiferromagnetism in UIn 3 [5] . Therefore, they comprise an excellent model system to study the origin of magnetism in f -electron systems.
In the present work, we studied the electronic structures of UX 3 (X = Al, Ga, and In) to reveal the origin of their different magnetic properties by using valence-band and core-level photoelectron spectroscopies. Furthermore, angle-resolved photoelectron spectroscopy (ARPES) with photon energies of hν = 575 − 650 eV were performed for UAl 3 and UGa 3 . Their detailed band structures and Fermi surfaces were revealed experimentally, and they were compared with the result of the band-structure calculation treating U 5f electrons as being itinerant.
UAl 3 is a paramagnetic compound with a relatively large specific heat coefficient of γ = 43 mJ/molK 2 [3] . In a dHvA study of UAl 3 , several branches were observed, and a few of them were explained by band-structure calculations based on itinerant U 5f states [3, 6] . In recent years, fully relativistic band-structure calculations could explain the origin of most of other branches, suggesting that U 5f electrons have very itinerant characteristics in this compound [8] .
UGa 3 is an antiferromagnet with T N = 67 K [9] . Its specific heat coefficient is slightly higher than that of UAl 3 4 UAl 3 . Many experimental and theoretical studies on UGa 3 have suggested that UGa 3 is an itinerant antiferromagnet [3, [10] [11] [12] [13] [14] . Its magnetic ordering is of type-II with the magnetic propagating vector Q = [15] . There exists another phase transition at T = 40 K, and it has been ascribed to the reorientation of magnetic moments, although the direction of magnetic moments has been controversial [16, 17] . Several experimental methods have been applied for studying electronic structure of UGa 3 such as resonant photoemission [18] , dHvA measurement [3, 19] , positron annihilation [14] , and magnetic X-ray scattering [20] . Despite these extensive studies, the details of its electronic structure have not been well understood. An interesting question is the difference in the magnetic properties of UAl 3 and UGa 3 . They have very similar lattice constants, but UAl 3 is a paramagnet, while UGa 3 is an antiferromagnet. Therefore, the magnetic ordering of UGa 3 originates from the tiny differences in their electronic structures.
UIn 3 is an antiferromagnet with T N = 88 K [5] . The lattice constants of UAl 3 and UGa 3 are almost identical, while that of UIn 3 is about 8 % larger than theirs. This leads to the weaker hybridized nature of U 5f in UIn 3 compared to those in UAl 3 and UGa 3 .
115 In-NMR and NQR studies revealed that U 5f electrons have localized natures well above the Néel temperature [5] . They further suggested that a plausible ordering vector is along the 110 direction. Meanwhile, there are only a few studies on the electronic structure of UIn 3 . Sarma et al. conducted a resonant photoemission study of U(Sn, In) 3 and found that the spectral profiles of the U 5f contributions do not show any significant changes within the series [21] . In a dHvA study of UIn 3 , several branches originating from closed Fermi surfaces and multiplyconnected Fermi surfaces were observed [22] . The estimated electron masses of these branches were 10 − 33m 0 , suggesting the existence of heavy quasi-particle bands. By contrast, comparison with band-structure calculation has not been performed yet, and the overall topology of the Fermi surface is not well understood. Therefore, knowledge about its electronic structure is very limited at present.
An interesting standpoint is that UIn 3 is considered as UGa 3 or UAl 3 under negative pressures. Pressure is a clean tuning parameter for controlling the physical properties of strongly correlated materials. In particular, it has been used to tune the electronic structure of f -electron materials to explore their quantum-criticality and unconventional superconductivities. Meanwhile, the effect of pressure on their electronic structures has been not well studied because spectroscopic studies are very difficult to perform in high-pressure cells. Therefore, UX 3 (X = Al, Ga, and In) can be used as a model system for studying the pressure effect by using photoelectron spectroscopy.
II. EXPERIMENTAL PROCEDURES
Photoemission experiments were performed at the soft X-ray beamline BL23SU in SPring-8 [23, 24] . High-quality single crystals were grown by the self-flux method, as described in Refs. [6, 19, 22] . Clean sample surfaces were obtained by cleaving the samples in situ with the surface under an ultra-high vacuum (UHV) condition. Among the series of compounds, we could not obtain a flat cleaving surface in the case of UIn 3 . The ARPES spectra of UIn 3 were dominated by nondispersive features that might have originated from elastically scattered photoelectrons from irregular surface. Therefore, only angle-integrated photoemission spectra are shown in the present paper. The overall energy resolution in the angle-integrated photoemission experiments at hν = 800 and 850 eV was about 120 meV, while that in the ARPES experiments at hν = 575−650 eV was about 100 meV. The position of E F was determined carefully by measuring of the vapor-deposited gold film. During the measurements, the vacuum was typically < 1 × 10 −8 Pa, and the sample surfaces were stable for the duration of measurements (1−2 days) because no significant changes were observed in the ARPES spectra during the measurement period. The positions of ARPES cuts were determined by assuming a free-electron final state with an inner potential of V 0 = 12 eV. Background contributions in ARPES spectra originated from elastically scattered photoelectrons due to surface disorder or phonons were subtracted by assuming momentum-independent spectra. The details of the procedure are described in Ref. [25] . The spectra of UAl3 and UGa3 were measured at hν = 800 eV while that of UIn3 was measured at hν = 850 eV to avoid the contribution of In-originated Auger signals, which overlap with U 4f core-level. The spectrum of UAl3 was superimposed onto the spectra of UGa3 and UIn3 as shown by the dotted line.
III. RESULTS
A. Angle-integrated photoemission spectra of UX3 (X = Al, Ga, and In) Figure 2 summarizes the angle-integrated photoemission spectra of UX 3 (X = Al, Ga, and In). Figure 2(a) shows the valence band spectra of UX 3 (X = Al, Ga, and In). The spectra were measured at 20 K, and UAl 3 was in the paramagnetic phase while UGa 3 and UIn 3 were in the antiferromagnetic phase. According to the calculated cross-sections of atomic orbitals [26] , the cross-section of U 5f orbitals is more than one-order larger than those of Al 3s, p, Ga 4s, p, and In 5s, p orbitals. Therefore, the signals from U 5f states are dominant in these spectra. These spectra exhibit an asymmetric shape with a sharp peak just below the Fermi energy. Their spectral profiles are very similar to those of itinerant uranium compounds, such as UB 2 [27] and UN [28] , suggesting that U 5f states have an itinerant character in these compounds. By the contrast, the spectral profile of UIn 3 is slightly different from those of UAl 3 and UGa 3 . To understand the differences in their spectral profiles, we superimposed the spectrum of UAl 3 on the spectra of UGa 3 and UIn 3 . The spectrum of UGa 3 is almost identical to that of UAl 3 , while that of UIn 3 has a shoulder structure at E B ∼ 0.5 eV whose tail extends E B ∼ 2 eV. Note that the structure cannot be due to the antiferromagnetic transition because a similar structure does not exist in the valence band spectrum of UGa 3 , which was also measured in the antiferromagnetic phase. Therefore, this shoulder structure has originated from the incoherent part of the correlated U 5f states. A similar satellite structure was observed in the valence band spectrum of UBe 13 [29] which is also considered as the contribution of correlated U 5f states.
To further understand the nature of U 5f states in these compounds, we measured the U 4f 7/2 core-level spectra of UX 3 (X = Al, Ga, and In), which are shown in Fig. 2(b) . These spectra were replotted from Ref. [30] . The core-level spectrum is a sensitive probe of the local electronic structure [30, 31] . The spectra of these compounds have an asymmetric line shape with a tail toward the higher binding energies. In addition to the main line located at E B = 377.0 − 377.3 eV, a weak satellite structure can be observed in the high-bindingenergy side of the main line at about 7 eV (E B ∼ 384 eV). This is called as the 7 eV satellite [32] , and it has been observed in many uranium based compounds [30, 31] . The core-level spectrum of UAl 3 was superimposed on the spectra of UGa 3 and UIn 3 , as in the case of their valence band spectra. The spectra exhibit considerable differences. The tail of the main line of UGa 3 is more enhanced than that of UAl 3 , suggesting that the asymmetry of the main line is larger than the case of UAl 3 . In general, the asymmetry of the main line is associated with the density of states (DOS) at E F in itinerant uranium compounds [31] . Compounds with higher DOSs at E F have main lines with greater asymmetry. Therefore, the larger asymmetry in the main line of UGa 3 than that of UAl 3 suggests that UGa 3 has higher DOS at E F than that does UAl 3 . By contrast, the spectrum of UIn 3 is broadened and is located on the higher-binding-energy side. In addition, its spectral shape becomes more symmetric. A detailed analysis of the main line of UIn 3 suggests that it consists of two components, and the one on the high-binding-energy side becomes dominant [30] . This is a characteristic feature of the main lines of localized compounds, suggesting that U 5f in UIn 3 is more localized than those in UAl 3 and UGa 3 . The intensities of the satellite structures of UAl 3 and UGa 3 are similar to those of other itinerant compounds [30, 31] , but that of UIn 3 is more enhanced than those of UAl 3 and UGa 3 . In general, the intensity of the satellite structure is more enhanced in localized compounds [31] , and this slightly enhanced satellite intensity also indicates that U 5f electrons are more localized in UIn 3 than in UAl 3 and UGa 3 . It should be noted that there are some theoretical attempts to reproduce these structures by the single impurity Anderson model [33, 34] . A systematic trend observed in the valence band and core-level spectra of these compounds would be helpful to further understand the microscopic origin of these satellite structures.
Accordingly, both valence band and core-level spectra indicate that the U 5f states of UAl 3 and UGa 3 have an essentially itinerant character. UAl 3 and UGa 3 have similar degrees of delocalization of the U 5f states, although the correlation effect is somewhat enhanced in UGa 3 . By contrast, the nature of the electronic structure of UIn 3 is clearly different. The valence band spectrum of UIn 3 is accompanied with the satellite structure, and the main lines and satellite structures in the core-level spectra are also different from those of UAl 3 and UGa 3 . This should be due to the reduced hybridization in UIn 3 originated from its larger lattice constant than those of UAl 3 and UGa 3 .
B. Band-structure calculation
Before showing the experimental ARPES spectra, we overview the result of our band-structure calculations of UAl 3 and UGa 3 . Figure 3 shows the calculated Fermi surfaces of UAl 3 and UGa 3 in the paramagnetic phase. In the present study, band-structure calculation in the paramagnetic phase is used for comparison between ARPES spectra and the calculation of UGa 3 because the changes in the spectral profiles due to antiferromagnetic transition are very small, as discussed in Sec. III E.
Figure 3 (a) shows the calculated Fermi surfaces of UAl 3 . The calculated Fermi surface of UAl 3 consists of multiply-connected hole-type Fermi surfaces formed by band 11 and small electron pocket formed by band 12. The Fermi surface formed by band 11 consists of two large Fermi surfaces centered at the Γ and the R points, and they are connected along the 111 direction. Note that the topology of the calculated Fermi surface is basically consistent with that obtained from previous bandstructure calculations [3, 6, 8] , although there exist minor differences. For example, the Fermi surfaces centered at Γ and R points are not connected in Ref. [6] . Furthermore, the electron pocket centered at the M point does not exist in these previous calculations. These differences might have originated from tiny differences in the band structure near E F . There exist very narrow bands with energy dispersions of less than 50 meV in these calculations, and tiny changes in the structures of these bands due to different computational factors can alter the shapes of Fermi surface very easily. Experimentally, several branches originating from this Fermi surface were observed by dHvA measurement [6] , and they were interpreted reasonably as signals from the two large Fermi surfaces centered at the Γ and the R points. forms a thin cubic frame-like Fermi surface centered at the R point which has no equivalent in the Fermi surface of UAl 3 . Band 26 forms a cubic Fermi surface centered at the R point, which is very similar to the Fermi surface formed by band 11 in the case of UAl 3 , although its shape is closer to cubic in the case of UGa 3 . It also forms a small hole pocket at the Γ point, but the size of which is considerably smaller than the corresponding hole pocket in UAl 3 . As a result, the large Fermi surface centered at the R and the hole pocket centered at the Γ point are disconnected in UGa 3 . Band 27 forms a hollow spherical Fermi surface around the Γ point, which has no equivalent in the Fermi surface in UAl 3 . The topology of these calculated Fermi surfaces is essentially identical to the topology obtained in previous calculations [14] , although there are some minor differences. dHvA measure-
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Calc. ment of UGa 3 was performed, and the branches observed were compared with the results of band-structure calculation in the antiferromagnetic phase, but any satisfactory agreement was not obtained between them [19] . A positron annihilation study suggested overall agreement between the experimental data and the band-structure calculation in the paramagnetic phase, but the details of the Fermi surface were not understood [14] . Therefore, information about the Fermi surface of UGa 3 is very limited.
C. Band structure and Fermi surface of UAl3
We begin with the overall band structure of UAl 3 . In  Fig. 4 , we summarize the experimental ARPES spectra and the result of the band-structure calculation of UAl 3 along several high-symmetry lines. Figure 4 (a) shows the ARPES spectra of UAl 3 measured along the X − Γ − M − X high-symmetry line at the photon energy of hν = 645 eV. Note that the locations of the X point in the leftmost and the rightmost sides have different measurement configurations, and the spectra show different profiles owing to matrix element effects. Clear energy dispersions can be observed. The strongly dispersive features corresponding to the higher-binding energy of E B > 1 eV are mainly the contributions of the Al 3s, 3p states. By contrast, the less dispersive features near E F are quasi-particle bands with dominant contribution of the U 5f states. They have finite energy dispersions, and form the Fermi surface of UAl 3 . Figure 4 (b) shows the band dispersions and the simulated ARPES spectra based on the band-structure calculation along the same high-symmetry lines. The color coding of the bands is the projection of the contributions of the U 5f states. The overall experimental band structure is well explained by the band-structure calculation. The dispersive features located in the higher binding energies correspond well with bands 5-8 in the calculation. The feature near E F seems to correspond to bands 9-12. The overall shapes of these bands agree reasonably well between experimental and calculation results. Figure 4 (c) shows the experimental ARPES spectra of UAl 3 measured along the M − X − R − M high-symmetry line at the photon energy of hν = 575 eV. There exist similar types of energy dispersions to the spectra shown in Fig. 4 (a) , and their overall structure can be explained by the band-structure calculation and the simulated ARPES spectra shown in Fig. 4(d) .
To further understand the electronic structure near E F , blow-up of the ARPES spectra and the experimental and calculated Fermi surfaces of UAl 3 are shown in Fig. 5 . Figure 5 (a) shows a comparison of the ARPES spectra and the calculated energy dispersions together with the simulated ARPES spectra along the X − Γ − M − X high-symmetry line. These spectra are divided by the
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Calc. Fermi -Dirac function broadened by the instrumental energy resolution to avoid the influences of Fermi cut-off. There exist one-to-one correspondences between the experimentally observed bands and the calculated bands. Band 11 forms a hole pocket centered at the Γ point in the calculation, and there exist very similar structures in the experimental spectra. In addition, a hole pocket centered at the X point is recognized in the profiles at the leftmost X point of the experimental spectra, but there is no corresponding Fermi surface in the calculated results. Although the experimental spectra around the M point are more featureless than the calculated result, there exists a similar high-intensity region near E F in the calculation. Figure 5 (b) shows a comparison between the experimental Fermi surface map (upper panel) and the simulated ARPES spectra (lower panel). Both the experimental and the calculated Fermi surface maps have very similar features. Especially, very similar squared features centered at the Γ point were observed in both the experimental and the calculated Fermi surface map. By contrast, the experimental and calculated features around the M point are somewhat different. The experimental Fermi surface map has a large circular region with enhanced intensity, while the calculation predicts a more complicated structure consisting of a small circular region with enhanced intensity at the M point surrounded by arcs. This difference originates from plainer feature of bands near E F around the M point in the experiment than in the calculation as shown in Fig. 5 (a) . This might be due to the renormalization of experimental band corresponding to band 11, which leads to the featureless structure in the experimental Fermi surface map. Figure 5 (c) shows the same comparison of Fig. 5 (a) , but along the M − X − R − M high-symmetry line. Very similar correspondence between the experimental and the calculated results can be seen in these spectra. There is overall agreement between the experimental and the calculated results. Especially, the feature around the M point shows good agreement among them. In the calculation, two bands form Fermi surfaces around the M point along the R − M high-symmetry line, but they cannot be resolved in the experimental spectra. Meanwhile, as in the case of the X − Γ − M − X high-symmetry line shown in Fig. 5 (a) , bands near E F are pushed toward the lower-binding-energy side, and their profiles become more featureless. tween the experimental Fermi surface map and the simulated ARPES spectra. There is a similar relationship between the experimental Fermi surface map and the result of the band-structure calculation within the Γ−M−X high-symmetry plane shown in Fig. 5 (b) . Although the overall shape of the features is very similar between the experiment and the calculation, the calculated map has a more complicated structure. This more featureless nature of the experimental Fermi surface map might be also due to the renormalized nature of bands near E F . Nevertheless, the feature corresponding to the cubic Fermi surface centered at the R point is observed experimentally, which corresponds well to the Fermi surface formed by band 11 in the calculation. Accordingly, the band structure and the Fermi surface of UAl 3 were explained well by the band-structure calculation although the bands near E F were renormalized considerably. Especially, the topology of the Fermi surface is mostly identical to the result of the calculation, although there are a few minor differences.
D. Band structure and Fermi surface of UGa3
We summarize the the experimental ARPES spectra of UGa 3 measured along several high-symmetry lines in Fig. 6 . Figure 6 (a) shows the experimental ARPES spectra along the X − Γ − M − X high-symmetry line measured at hν = 650 eV. The spectra exhibit clear energy dispersions, and their overall structure is very similar to the structure in the spectra of UAl 3 shown in Fig. 4 . There are dispersive bands with weak intensity on the high binding energy side, and they are ascribed to the Ga 4s, p states. Less dispersive bands with enhanced intensity located near E F are ascribed to U 5f states, which form narrow quasi-particle bands. Figure 6 (b) shows the band structure and the simulated ARPES spectra based on the band-structure calculation. The experimental ARPES spectra are explained quantitatively by the calculated results. Bands 20-24 consist mainly of the Ga 4s, p states, and they have one-to-one correspondence with the experimentally observed band dispersions. Figure 6 (c) shows the experimental ARPES spectra of UGa 3 along the M − X − R − M high-symmetry line measured at hν = 580 eV. The nature of energy dispersion is very similar to that in the case of the X − Γ − M highsymmetry line shown in Fig. 6 (a) . Figure 6 (d) shows the calculated band structure and the simulated ARPES spectra based on the band-structure calculation. There is overall agreement between the experimental and the calculated results as in the case of the X − Γ − M − X high-symmetry shown in Figs. 6 (a) and (b) . In particular, bands 20-24 correspond well with the experimental ARPES spectra shown in Fig. 6 (c) . Note that overall band structures of UAl 3 and UGa 3 are very similar to each other. Especially, the dispersive bands of UAl 3 and
Exp.
Calc. UGa 3 at high binding energies (E B 1 eV) show apparent one-to-one correspondences. We further focus on the electronic structure near E F . Figure 7 summarizes the band structure near E F and the Fermi surface of UGa 3 . Figure 7 (a) shows a comparison between the experimental ARPES spectra and the calculated energy dispersions together with simulated ARPES spectra along the X−Γ−M−X high-symmetry line. The behavior of the quasi-particle bands near E F can be recognized well from this comparison. A parabolic dispersion forming the Fermi surface is observed clearly in the middle of the X − Γ high-symmetry line, and this band corresponds well to the calculated band 26. On the other hand, along the Γ − M high-symmetry line, there is holetype energy dispersion around the Γ point. The bandstructure calculation shows hole-type dispersions formed by band 26 and small electron pockets formed by band 27 around the area. The experimentally observed dispersion corresponds well to the calculated band 26. Because band 27 forms very small electron pocket, it is not clear whether the corresponding band exists in the experimental ARPES spectra. The structure around the M point is very similar between experimental and calculated results although its detail was not well resolved in the experimental ARPES spectra. Note that the intensity at E F at the middle of the Γ − M high-symmetry line is featureless while the calculation predicts an energy dispersion of about ∼ 0.1 eV. This difference can be understood that the experimental feature corresponds to the calculated band 26, but it is pushed toward E F . Therefore, the band forms Fermi surface similar to the calculated band 26, but it is strongly renormalized owing to the electron correlation effect. To summarize, the experimental Fermi surface map is reasonably well explained by the band-structure calculation although the bands near E F are renormalized. Figure 7 (b) shows a comparison between the experimental Fermi surface maps obtained by integrating 100 meV over E F of ARPES spectra, and the result of the band-structure calculation within the Γ − M − X plane. There is reasonable agreement between experimental map and the simulation results. Meanwhile, the size of the hole pocket formed by band 26 around the X point is smaller than the one deduced from the experimental Fermi surface map. The size of the hole pocket around the Γ point is also smaller in the calculation than that in the experiment. The existence of the small Fermi surface formed by band 27, which is located at the middle of Γ − X high-symmetry line, is not clear in the experimental Fermi surface map, but there exists a similar high intensity region along the Γ−M high-symmetry line, suggesting there might be a similar Fermi surface in the experiment. Figure 7 (c) is identical to Fig. 7 (a) but along the M − X − R − M high-symmetry line. The experimental ARPES spectra are very similar to those of UAl 3 shown in Fig. 5 (c) . There exists a hole-like dispersion along the X − R high-symmetry line as indicated by dotted curves. Furthermore, the intensity at E F is particularly enhanced around the M point, implying that there exist Fermi surfaces. In addition, the intensity at E F is enhanced around the M point, suggesting that there exists some Fermi surfaces around the M point as in the case of UAl 3 . In the calculation, bands 25 and 26 form Fermi surfaces. Band 25 forms a hole pocket in the middle of the X − R high-symmetry line, while band 26 forms a tiny hole pocket around the X point and large cubic Fermi surface around the R point as shown in the threedimensional Fermi surface. The hole pocket formed by band 25 corresponds well to the experimentally observed hole pocket along the X − R high-symmetry line. In addition, the feature formed by band 26 also has a good correspondence to the experimentally observed feature in the vicinity of E F although their details were not well resolved experimentally.
In Fig. 7 (d) , we present a comparison of the Fermi surface map and the result of the band-structure calculation, which is the same as that in Fig. 7 (b) but within the X − R − M high-symmetry plane. There is a reasonable agreement between the experimental and the calculated results. The calculated Fermi surface within this plane consists mainly of band 26, which forms a large squareshaped Fermi surface around the R point. This structure agrees with the experimental Fermi surface map. The hole pocket formed by band 26 around the Γ point also agrees with the experimental Fermi surface map. Band 25 forms a tiny hole pocket, and it appears as spots with somewhat enhanced intensity midway along the X − R high-symmetry line. There is a similar feature in the corresponding location of the experimental Fermi surface map, and there exists a similar Fermi surface in the experimental spectra. To summarize, the topology of the Fermi surface of UGa 3 is also essentially explained by the band-structure calculation although the experimental band structure in the vicinity of E F is renormalized due to the finite electron correlation effect.
E. Antiferromagnetic transition in UGa3
To further understand the nature of the antiferromagnetic transition in UGa 3 , we present the comparison of ARPES spectra of UGa 3 measured in the paramagnetic and the antiferromagnetic phases. Figure 8 summarizes the ARPES spectra of UGa 3 measured in the paramagnetic phase (75 K) and the antiferromagnetic phase (20 K) . Figure 8 (a) shows the Brillouin zones of UGa 3 in the paramagnetic and the antiferromagnetic phases. The symmetry of the Brillouin zone is changed from simple cubic in the paramagnetic phase to face-centered cubic in the antiferromagnetic phase. Note that the M and the R points in the paramagnetic Brillouin zone become equivalent to the X and the Γ points in the antiferromagnetic Brillouin zone, respectively. Correspondingly, the R − M − R and the M − X − M high-symmetry lines in the paramagnetic phase become equivalent to the Γ − X − Γ and the X − W − X − W − X high-symmetry lines in the antiferromagnetic phase, respectively. Figures 8(b)-(d) show comparisons of the ARPES spectra measured in the paramagnetic and the antiferromagnetic phases along three high-symmetry lines. The spectra are divided by the Fermi-Dirac function broadened by the instrumental energy resolution to avoid the influence of Fermi cut-off. There are no recognizable changes in these spectra. Especially, the M point in the paramagnetic phase becomes equivalent to the X point in the antiferromagnetic phase, but the enhanced intensity at the M point in the paramagnetic phase does not appears at the X point in the antiferromagnetic phase as shown in Fig. 8 (d) . Generally, antiferromagnetic transition is observed as the emergence of back-folded replica bands owing to changes in the Brillouin zone, and formation of a hybridization gap at the crossing point [35, 36] . By contrast, changes in spectral profiles due to an antiferromagnetic transition in a system with low T N and small ordered moments are very small [28] . The absence of clear changes in the spectral profiles suggests that UGa 3 is a weak itinerant magnet, as in the case of UN [28] .
F. Discussion
The U 5f states in UAl 3 and UGa 3 have a very itinerant nature in the ground state, suggesting that the antiferromagnetism of UGa 3 originates from itinerant U 5f electrons. This is consistent with macroscopic properties of UGa 3 , such as its small ordered moment in the antiferromagnetic phase. The experimentally obtained Fermi surfaces of UAl 3 and UGa 3 were explained reasonably well by the band-structure calculation. By contrast, the band in the vicinity of E F exhibits noticeable deviations from the results of the band-structure calculations, that is, bands are renormalized near E F owing to the weak but finite electron correlation effect. The core-level spectra of UAl 3 and UGa 3 also suggest the existence of finite electron correlation effects. Therefore, the bandstructure calculation is a reasonable starting point for describing the electronic structures of UAl 3 and UGa 3 , but the electron correlation effect must be considered for describing their electronic structures. Furthermore, no significant temperature dependencies across T N were observed in the ARPES spectra of UGa 3 ; thus, UGa 3 can be considered as weak itinerant antiferromagnet.
An important question is the relationship between their electronic structures and magnetic properties in these compounds. We have shown experimentally that the Fermi surfaces of UAl 3 and UGa 3 are very similar to each other, although there are a few minor differences in their details. For example, the cubic hole-type Fermi surface centered at the R point was observed in both UAl 3 and UGa 3 , but the hole-type Fermi surface formed by band 25 and the electron-type Fermi surface formed by band 27 in UGa 3 were not observed in the case of UAl 3 . If the magnetism in UGa 3 originates of such minor differences in their Fermi surfaces, these two Fermi surfaces might play an important role in the emergence of antiferromagnetism in UGa 3 . By contrast, the electron correlation effect might play an essential role in the magnetic properties of this series of compounds. As seen in the core-level spectra of these compounds in Fig. 2 (b) , the electron correlation effect is enhanced in the order of UAl 3 to UIn 3 . The Néel temperature is also enhanced in the same order if one assumes that the Néel temperature of UAl 3 is T N < 0 K. The slightly larger specific coefficient of UGa 3 than that of UAl 3 indicates that the density of states at E F N (E F ) are larger in UGa 3 than in UAl 3 , which might satisfy the Stoner criterion IN (E F ) > 1 in UGa 3 where I is the energy reduction due to the electron correlation. Nevertheless, the very similar electronic structures of UAl 3 and UGa 3 suggest that they are located at the boundary between magnetic and non-magnetic states. This is consistent with the weak itinerant magnetic nature of UGa 3 observed in the present study and the spin-fluctuation nature inferred by the resistivity and magnetic susceptibility measurements [6] . Notably, the rare-earth based compounds of the same crystal structure, which have very localized 4f states, also exhibit antiferromagnetic transitions. Their Fermi surfaces have some similarities with these of UAl 3 and UGa 3 , although they have considerably more complex structures [37] . Therefore, the mechanism of antiferromagnetic transition in actinide and rare-earth compounds might have different origins, even though both types of compounds exhibit antiferromagnetic transitions.
IV. CONCLUSION
The electronic structures of UX 3 (X = Al, Ga, and In) were studied using photoelectron spectroscopy. The valence band and the core-level spectra showed that the electron correlation effect increases in the order of UAl 3 to UIn 3 . Especially, the core-level spectrum of UIn 3 is qualitatively different from those of UAl 3 and UIn 3 , suggesting that the electron correlation effect is strongly enhanced in UIn 3 . The detailed band structures and the Fermi surfaces of UAl 3 and UGa 3 were clarified by ARPES, and their essential structures were explained by the band-structure calculations. The topologies of the Fermi surfaces of UAl 3 and UGa 3 are very similar, but there exist a few differences. These differences or the electron correlation effect might play an essential role in their different magnetic properties. No noticeable changes were observed in the ARPES spectra of UGa 3 across the antiferromagnetic transition, suggesting that the magnetism of UGa 3 is of the weak-itinerant type.
